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IntroductIon
High Mountain Asia (HMA) has the greatest density of glaciers outside of the polar regions, and the glacier meltwater produced in this region has a significant impact on global sea level rise and regional water resources (Immerzeel et al., 2010; Kaser et al., 2010; Yao et al., 2012) . During 2003 During -2009 , the amount of glacier mass lost from HMA was equivalent to a global sea level rise of ~0.13 ± 0.04 mm a -1 (Matsuo and Heki, 2010) , and 1.7 ± 1.9 Gt a -1 of the glacier meltwater drained into endorheic basins on the Tibetan Plateau (Neckel et al., 2014) . The rapid glacier retreat has enhanced runoff from the Tibetan Plateau in northwest China by more than 5.5% since the last decade of the 20th century (Yao et al., 2007) , and glacier meltwater from the Himalayas has contributed ~3.5% and ~2.0% of the annual average river discharge of the Indus and Ganges basins, respectively (Kääb et al., 2012) .
Mass balance is the most useful and direct metric of glacier change (Bolch et al., 2011) . Glaciological and geodetic methods provide two different means of calculating mass balance (Zemp et al., 2015) . The earliest glaciological observations of mass balance started in Europe and Scandinavia in the 1940s, followed by HMA in the 1950s (Zemp et al., 2009 ). The geodetic method involves the comparison of multitemporal elevation data sets, and its history can be traced back to the early 20th century (Zemp et al., 2015) . The glaciological method provides reliable and high-temporal-resolution glacier mass balance estimates; however, the number of glaciological monitoring sites is small because glaciers are located in remote alpine and high-latitude regions. For example, the mass balance has been measured on only 26 out of the 85,700 glaciers of HMA, and only one glacier on the inner Tibetan Plateau, the Xiao Dongkemadi glacier (XDG), has more than 20 years of mass balance records Yao et al., 2010a; Wang et al., 2013; Yu et al., 2013; Zemp et al., 2013; Arendt et al., 2015; Tshering and Fujita., 2016) . With the development of geodetic technology and the increased availability of elevation data, the geodetic method provides thickness and volume change information for large samples of glaciers that span entire mountain ranges, which is important for quantifying the contributions from glacier meltwater to hydrological processes. Mass budget estimates on the Tibetan Plateau have been obtained using geodetic methods since the mid-20th century (Bolch et al., 2008; Wang et al., 2013; Neckel et al., 2014; Yi and Sun, 2014) . Existing studies have mainly focused on the Himalayas and the Karakoram, western Kunlun, and Tien Shan mountain ranges (Gardelle et al., 2013; Ke et al., 2015a; Pieczonka and Bolch, 2015) . However, there are currently no region-wide glacier mass budgets for larger regions or entire mountain ranges in the Tanggula Mountains.
The Tanggula Mountains represent an important climatic divide on the Tibetan Plateau. The delivery of moisture to their southern slopes is influenced mainly by the Indian monsoon, whereas it is controlled primarily by continental air masses on the northern slopes (Tian et al., 2001; Li et al., 2015) . The Dongkemadi region is located within the Tanggula Mountains. The China-Japan Joint Expedition launched the first systematic investigation of this region in 1989, and intensive glaciological studies have continued since then (Fujita and Ageta, 2000; Gao et al., 2012; Huang et al., 2013; Wu et al., 2015; Li et al., 2016; Shi et al., 2016) . Although the mass budgets of glaciers in the Dongkemadi region have been calculated from 1969 to 2009 using multiple geodetic methods (Shangguan et al., 2008; Li et al., 2012; Ke et al., 2015b) , glacier mass budgets have not been presented for the entire Tanggula Mountains.
This study has three aims. The main objective is to assess the region-wide glacier mass budgets for the entire Tanggula Mountains from ~1969 to ~2015. The second objective aims to verify the mass budgets calculated using glaciological and geodetic methods. The third objective is to investigate spatial patterns of glacier mass change and to discuss the potential reasons for these changes.
Study AreA
The Tanggula Mountains are located within the central Tibetan Plateau, extending from the Chibzhang Co in the northwest to the Bugyai Kangri in the southeast. They serve as a geographical boundary between the Yangtze and Nujiang river basins (Yao et al., 2010b) . The highest peak of the Tanggula Mountains is located in the Geladandong range, with an elevation of 6621 m above sea level (m a.s.l.). According to the Second Glacier Inventory Dataset of China, the total glaciercovered area of the Tanggula Mountains was 1843.9 km 2 in 2007 . In this study, mass budgets are determined for three study sites spreading across the Tanggula Mountains to capture the glaciological variability of the entire mountain range. The locations of each study site are displayed in Figure 1 , together with the extent of the corresponding subregions used to extrapolate the mass budgets for the entire Tanggula Mountains. The eastern site (Bugyai Kangri) is mainly influenced by the Indian monsoon (Gardelle et al., 2013) , whereas the Indian monsoon and continental air masses are dominating the northwestern sites (Dongkemadi and West-Geladandong) (Tian et al., 2001) .
Systematic glaciological and meteorological observations have been performed since 1989 in the Dongkemadi river basin. The mean annual temperature is approximately -6.0 °C. In 2009, the annual precipitation was 622 mm, of which >90% fell during the summer months of June−August (He et al., 2009 ). The highest monthly average temperatures (>0 °C) occurred during June−September (Li et al., 2015) . Glaciological mass balance has been measured at the XDG since 1989.
dAtA And MethodS
Topographic maps, Landsat TM/OLI, Terra ASTER images, and SRTM1 data were used to obtain information about glacier boundaries and surface elevations in different periods. Detailed information on the remote sensing data used is listed in Table 1 .
DEM Generation and Evaluation

Topographic Maps
Three 1:100,000-scale topographic maps were produced in 1973 and 1974, respectively. Aerial photographs were acquired in 1969 for Dongkemadi and West-Geladandong and in 1968 for Bugyai Kangri. The equidistant elevation of the 1:100,000-scale topographic map is 20 m, and the nominal vertical accuracies of these topographic maps were within 5 m for areas with slopes <6° and 8 m for areas with slopes between 6° and 25°, according to the China National Standard for Photogrammetry (State Bureau of Sur-veying and Mapping, 2007) . The map-based DEMs (hereafter Topo DEM) were generated from the topographic maps using the ANUDEM5.23 software with a spatial resolution of 15 m. To compare the map with the SRTM data, the Topo DEMs were transformed to the WGS1984 UTM zone 46 coordinate system, and their spatial resolutions were resampled to 30 m.
SRTM
The SRTM DEM covers the region between 60°N and 56°S and is based on single-pass synthetic aperture radar interferometry (InSAR). Two antenna pairs, operating in the C-band (5.7 GHz) and X-band (9.7 GHz), simultaneously illuminated and recorded radar signals (Farr et al., 2007) . The SRTM1 (C-band) data with a spatial resolution of 30 m was used and acquired in February 2000. These data refer to the 1999 glacier surfaces at the end of the ablation season (Rignot et al., 2001) . The vertical reference coordinate of the SRTM data set is the WGS84 EGM96 geoid (http://earthexplorer.usgs.gov/). The absolute vertical accuracy of the SRTM1 data sets is ±16 m, and the relative vertical accuracy is ±6 m (within 90% confidence) (Rabus et al., 2003) .
ASTER Imagery
The ASTER sensor is part of the Terra satellite platform, and it provides multispectral imagery covering the Earth's surface between 82°N and 82°S. Stereo images from ASTER are suitable for DEM generation in mountainous terrain, and have been widely employed to assess changes in glacier volume and mass budget (Kääb, 2008; Bolch et al., 2011) . In this study, we used Level 1A ASTER stereoscopic images to generate the DEMs. These images were acquired in February 2010, October 2014, and December 2015 for the West-Geladandong, Bugyai Kangri, and Dongkemadi sites, respectively, under small amounts of fresh snow and no cloud cover conditions. An ASTER DEM with a spatial resolution of 30 m was generated using the "DEM Extraction" module of ENVI 5.2, and the coordinate system was defined using the datum WGS1984 UTM zone 46. More than 300 randomly distributed points from the 1:100,000 topographic map were considered as ground control points.
Meteorological Data
The relationship between glacier mass budgets and climate variability was explored by analyzing summer temperatures and annual precipitation data measured at four meteorological stations distributed around the Tanggula Mountains (Fig. 1) . The temperature and precipitation data from each station were provided by the Chinese National Meteorological Center (CNMC; http://data.cma.cn/site/index.html) ( Table 2) . We used the meteorological data from the four stations to represent the spatial and temporal variations in meteorological conditions across the study area.
DEM Coregistration and Accuracy
Planimetric and Vertical Adjustments of the DEMs
Previous studies have described a method for coregistering two DEMs based on the relationship between horizontal shifts and the corresponding slope and aspect values (Nuth and Kääb, 2011; Pieczonka et al., 2013) . Here, the horizontal shift is determined by minimizing the root mean squared error of the elevation differences observed in glacier-free areas; the terrain is assumed to be stable over the study period. We chose the SRTM as the master DEM when coregistering the other DEMs. Table 3 lists the magnitude and direction of the shift vector between the master and slave DEMs. After the planimetric adjustment, the vertical bias between the DEMs can be adjusted by using the relationships between the elevation differences and the maximum curvature derived, for both glaciated and glacier-free areas .
Radar Penetration and Seasonality Correction
As the penetration depth of radar in snow and ice is directly affected by local climatic conditions, the degree to which measurements of glacier surface are underestimated varies regionally (Kääb et al., 2012; Gardelle et al., 2013) . We compared available ICESat GLA14 footprints with SRTM elevation data in order to assess the penetration depth, following Kääb et al. (2012) . As the SRTM data we used were acquired in February 2000, we selected footprints acquired around February. Footprints acquired in 2006 and 2008 were selected for West- Geladandong, and footprints acquired in 2004 and 2008 were selected for Dongkemadi. Unfortunately, there were no useful ICESat tracks that crossed Bugyai Kangri. Therefore, we assumed a penetration depth of 2.5 ± 0.5 m, which corresponds to the mean of the penetration depth estimates for East Nepal and Bhutan given by Kääb et al. (2012) . We eliminated the differences as a result of elevation changes that occurred between 2000 and when the ICESat data were acquired by assuming a linear rate of change. The glaciers were divided into ablation and accumulation areas by the approximate mean value of the median elevation (Appendix Table A1 ). The median elevations in West-Geladandong and Dongkemadi were 5750 and 5600 m, respectively. The results in West-Geladandong showed a mean penetration depth of 0.3 ± 3.6 m for the glacier-free area, 1.1 ± 3.8 m for the ablation area, and 3.8 ± 5.0 m for the accumulation area. In the Dongkemadi region, the penetration depths were 0.1 ± 4.3 m for the glacier-free area, 3.7 ± 3.8 m for the ablation area, and 4.4 ± 2.7 m for the accumulation area, respectively. The mean values over the entire glacier-covered area in the two regions were 2.1 ± 4.5 m and 3.8 ± 3.5 m for West-Geladandong and Dongkemadi, respectively. The uncertainty about the penetration depth was evaluated by the standard error (Kääb et al., 2012) . The ASTER DEMs were acquired between October and February, and the SRTM DEM was obtained in February. Thus, we must be able to account for possible mass changes during this 1-5 month period in order to estimate the mass budget over an integer number of years. Glaciers in the Tanggula Mountains are the summer accumulation type (Fujita, 2008) . Recent field observations indicated that no winter accumulation occurred on the XDG, and more than 90% of the precipitation occurred in summer over this mountain region (He et al., 2009 ). Thus, the seasonality correction was set to 0. For example, the ASTER image covering West-Geladandong was acquired in February 2010, and this image approximates the surfaces of glaciers it displays in 2009. 
Accuracy Assessment
The relative uncertainties of DEMs prior to and after the adjustments were evaluated for non-glaciated terrain, which remained stable over the study period. Following Pieczonka et al. (2013) , we set the 5% and 95% quartiles as the thresholds for eliminating outliers. The remaining pixels were employed to evaluate the uncertainties. The normalized median absolute deviation (NMAD; 1.482 × median  x x i − ( ) , where  x is the elevation difference and x i is the median elevation difference), the radar wave penetration accuracy, the mean elevation difference (MED, ∆h), and the uncertainty in the assumed density (Δρ = 60kg m -3 ) were used to estimate the overall mass budget uncertainty. The NMAD is proportional to the median of the absolute differences between the errors and the median error (Höhle and Höhle, 2009) . This metric provides a rather pessimistic assessment of the relative vertical accuracy (Kronenberg et al., 2016) . The assumed density of 850 ± 60kg m -3 corresponds to the value suggested by Huss (2013) . The uncertainty in the thickness changes (u DEM ) was calculated using Equation (1) considering the radar wave penetration accuracy (∆p) and the NMAD (∆σ) for the glacier-free terrain after DEM coregistration. The relative uncertainty between the Topo DEM and the ASTER DEM can be described directly by the NMAD because the DEMs are derived from optical images. The overall mass budget uncertainty (u M ) was estimated from Equation (2), where t is the time period, ∆h is the MED of the glacier area, and ρ w (1000kg m -3 )and ρ I (850kg m -3 ) denote the densities of water and ice, respectively.
(2)
Glaciological Mass Balance Observations on the Xiao Dongkemadi Glacier
The mass balance of the XDG has been monitored since 1989. By 2015, 24 stakes had been set up on the surface of the glacier (Fig. 3) , at sites ranging in elevation from 5400 m a.s.l. to 5750 m a.s.l. The net balance is obtained by measuring changes in stake heights and snowpit features that occur in the ablation and accumulation areas. The measurements recorded at each stake include the height of the stake above the glacier surface, the density and thickness of the snow, the occurrence of superimposed ice layers, and the structure of the snowpit profile . The mass balance b at each stake and in each snow pit can be calculated as follows:
where ∆S and ∆I denote changes in snow and ice layer thickness, and ρ S and ρ I denote the densities of snow and ice, respectively. The mass balance at each stake is assigned to a corresponding altitude range, and the specific mass balance is depicted as a function of altitude. These data are then extrapolated to the whole glacier. The total mass balance B can be calculated as follows:
where S is the total area of the glacier, and S n and b n are the area and specific mass balance of each altitudinal range, respectively. 
reSultS
Validation between Glaciological and Geodetic Results
The results of both glaciological and geodetic methods indicated significant mass loss from the XDG for the period 1999-2015 (Table 5 ). The changes in the specific mass budget determined using the geodetic method agreed with the glaciological results for the different periods between 1999 and 2015. The absolute differences in mass budgets between the two methods were <5% for the periods 1999-2002, 1999-2007, and 1999-2015 . The low absolute differences seen during many of these periods indicated that the mass budget estimated by geodetic methods compared favorably with the glaciological results. The lower uncertainty suggested increased confidence in the mass budgets estimated using the geodetic method.
Mass Budgets for the Entire Tanggula Mountains
Before averaging elevation changes, we excluded all elevation differences exceeding ±100 m in order to identify the largest realistic glacier elevation changes. Between ~1969 and ~2015, a significant surface lowering of 0.36 ± 0.06 m a -1 occurred within the entire Tanggula Mountains (Fig. 4 and Table 6 ). This downwasting resulted in an average surface lowering of 0.27 ± 0.14 m a -1 between ~1969 and 1999 (Fig. 5 ). This rate of downwasting was lower than that observed in 1999-2015, when the rate of surface lowering was 0.60 ± 0.35 m a -1 (Fig. 6) . The overall specific mass budgets of entire Tanggula Mountains for the periods ~1969 to ~2015, ~1969 to 1999, and 1999 to ~2015 were -0.31 ± 0.05, -0.23 ± 0.12, and -0.51 ± 0.30 m w.e. a Note: MED is mean elevation difference; STDEV is standard deviation; NMAD is the normalized median absolute deviation.
TABLE 5
Mass budgets calculated using the two methods for the XDG during 1999-2015.
Period
Glaciological results (m w.e. a ) from 1999 to ~2015. The relatively low mass loss in West-Geladandong might reflected the different time periods considered for each region; however, no ASTER scenes were available after 2010 for West-Geladandong. The glaciers in the Tanggula Mountains experienced accelerating mass loss during the period 1999 to ~2015, compared with the previous period (~1969-1999).
dIScuSSIon
Existing studies of glacier changes in the Tanggula Mountains indicated overall glacier shrinkage. During the past 30 years, the glaciers in the eastern and central parts of the Tanggula Mountains shrank by 15.3% and 22.2%, respectively Wang et al., 2016) . However, the relatively large glaciers in the Dongkemadi and Geladandong regions shrank by less than 5% between 1969 and the early 21st century (Ye et al., 2006; Li et al., 2012) . Continuous reductions in surface eleva- tion of 12.6 ± 6 m and 3.4 m occurred in the Dongkemadi region for the periods 1969 -2000 , respectively (Li et al., 2012 Ke et al., 2015b) . Considering the penetration of C-band single beam radar at Dongkemadi (3.8 ± 3.5 m), our result (-7.4 ± 3.6 m) agreed with that of Li et al. (2012) (12.6 ± 6 m).
Although glaciological and geodetic methods represent two recognized means of calculating mass budgets, the mass budgets calculated using glaciological (-0.54 m w.e. a ) methods showed significant discrepancies on a global scale during the first decade of the 21st century. This discrepancy might be attributed to the number of glaciers considered and the conversion density, rather than a systematic difference between the two methods (Zemp et al., 2015) . A widely used conversion density of 850 ± 60 kg m -3 , which was proposed by Huss (2013) , had been applied in many regions Bolch et al., 2017) .
The satisfactory verification of mass budget calculations for the XDG obtained in this study indicated that the geodetic method was an accurate and credible method for calculating glacier mass budgets, compared with glaciological results. Ke et al. (2015b) two studies. On the one hand, the ICESat footprint only extended across the eastern part of the Dongkemadi region, meaning that the use of the mass budget of the eastern part to represent the entire region may lead to biased results. On the other hand, the time span of the present study was 10-year longer than the ICESat time series, and the trend towards mass loss accelerated at the XDG after 2010 (Fig. 7) . Regional mass-balance estimates are required to assess the contributions of glacier changes to hydrological processes. In most studies, the average mass balance of the glaciers monitored was generally selected to represent the regional value (Yao et al., 2012; Zemp et al., 2013) . In the Tanggula Mountains, there is only one long-term monitored glacier (the XDG), which occupies an elevation range of 5376-5910 m. Using the mass budget of the XDG to represent the regional value will therefore result in an underestimation of mass loss ( Table 7) . The mass budget measured using the glaciological method at the XDG cannot cover the entire study area, particularly low-altitude areas (the termini of some glaciers are lower than 5400 m; Appendix Table A1 ) that experience high ablation. ICESat altimetry data are valuable for estimating large-scale mass budgets (Gardner et al., 2013) . For medium and small scales, the regional mass budget calculated from ICESat depends on the selected scales and the locations of the footprints (Neckel et al., 2014; Ke et al., 2015b) . Compared with the mass budgets calculated using the glaciological method and ICESat altimetry, the multi-temporal DEMs used in the present study can provide a more representative estimate of the regional mass budget because they cover entire mountain ranges.
Glacier mass budgets are sensitive to climate change, and the glaciological method provides a high-resolution mass balance for studying glacier-climate interactions. The annual mass balance of the XDG and the summer temperature and annual precipitation measured at Anduo station between 1989 and 2015 are shown in Figure  7 The changes in the mass budget likely resulted from a combination of changes in temperature and precipitation (Wang et al., 2010; Wiltshire, 2014) . The summer temperature and annual precipitation around the Tanggula Mountains varied among the different regions and periods of time (Fig. 8) . The Dingqing and Zaduo stations are located in the eastern region of the Tanggula Mountains, while the Tuotuohe and Anduo stations are located in the western region (Fig. 1) . The linear fits of summer temperature and annual precipitation at ) (slope) 1969 -1999 1999 1969 1969 -1999 1999 1969 0.13 0.41 0.22 the four stations during different periods are listed in Table 8 . Over 1969-2015, the annual precipitation in the Tanggula Mountains increased slightly at rates ranging from 1.5% to 6% 10a -1
, and significant increases in summer temperatures of 0.22-0.38 °C 10a -1 were noted. Between 1969 Between -1999 Between and 1999 Between -2015 , accelerated increases in summer temperatures occurred on the southern slopes, whereas similar or lower values were found on the northern slopes. The amount of precipitation that fell on the southern slopes decreased sharply in 1999-2015, reversing the slow increase that occurred from 1969 to 1999; however, precipitation changed only slowly on the northern slopes.
Oerlemans (2005) revealed that the effects of a 1 °C warming on the mass budget of a glacier is equivalent to that of a 25% increase in precipitation. Between 1969 and 2015, increase in temperature and slight precipitation changes resulted in the continuous mass loss in the Tanggula Mountains. Over 1999-2015, the large observed rates of temperature increase and the heterogeneous precipitation changes (which reflected decreases at Dingqing and Anduo, no change at Zaduo, and an increase at Tuotuohe) caused the overall accelerated mass loss compared to the period ~1969-1999.
The formation and expansion of proglacial lakes can affect the retreats of individual glaciers (Sakai et al., 2009; Gardelle et al., 2011) . The lake-terminating glaciers in Bugyai Kangri had retreated more rapidly than the land-terminating glaciers within the same region . Proglacial lakes enhanced the glacier mass losses because of calving (Bolch et al., 2011) . In the Dongkemadi region, the mass budget was comparable at glaciers A and B during all of the investigated periods ( Fig. 1 and Appendix Table A2 ). However, the terminus of glacier A was 100 m lower than that of glacier B, and glacier A was more than twice the size of glacier B (Table A1 ). Large glaciers with low terminal elevations experienced greater mass losses than small glaciers with termini at high elevations , meaning that the mass loss of glacier A would be greater than that of B. The discrepancy between the measurements and the observations can be attributed in part to the expansion of a proglacial lake at the terminus of glacier B (Fig. 9) . The lake formed after 1969 and grew significantly between 2000 and 2015 (Fig. 9) . The rapid growth of the proglacial lake increases the risk of outburst flood hazards in the Tanggula Mountains.
The two advancing glaciers in West-Geladandong, glaciers C and D (Fig. 1) , showed positive surface elevation changes of 2.9 ± 4.2 m and 6.6 ± 4.2 m between 1999 and 2009, respectively. Hence, we examined the changes at the glacier boundaries using Landsat TM images. Two images from 1999 and 2010 showed an obvious advance and increase in the areas covered by glaciers C and D (Fig. 10, parts c and d) . These results agreed with the increase in the surface elevations of the two glaciers from 1999 to 2009. Distinct areas of mass loss and gain could be recognized on glaciers C and D: significant mass gains were measured in the glacier tongue regions, while clear mass losses occurred in the middle parts of these glaciers, and slight mass gains were noted the upper parts of the glaciers (Fig.  10, part a) . These area changes and patterns of elevation change may indicate that glaciers C and D are surgetype glaciers.
The total mass budget for the entire Tanggula Mountains between ~1969 and ~2015 (-0.31 ± 0.05 m w.e. a −1 ) was similar to that reported for several other regions around the Tibetan Plateau, including the Ne- ) was lower than the global average value derived from glaciological observations. Heterogeneous glacier behavior is caused by a range of factors, including meteorological conditions, the development of proglacial lakes, and surge-type glacier behavior. Glaciers C and D experienced mass gains since 1999, and significant transfers of mass from the middle parts to the lower parts of these glaciers indicated that they were surge-type glaciers. Although the accelerated mass loss in the Tanggula Mountains was caused mainly by increases in summer temperatures, the formation and expansion of proglacial lakes would enhance the mass losses from glaciers. The rapid growth of proglacial lakes in the Tanggula Mountains should be monitored carefully.
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